ABSTRACT Gold nanoparticles (GNPs) enhance the damaging absorbance effects of high-energy photons in radiation therapy by increasing the emission of Auger-photoelectrons in the nm-mm range. It has been shown that the incorporation of GNPs has a significant effect on radiosensitivity of cells and their dose-dependent clonogenic survival. One major characteristic of GNPs is also their diameter-dependent cellular uptake and retention. In this article, we show by means of an established embodiment of localization microscopy, spectral position determination microscopy (SPDM), that imaging with nanometer resolution and systematic counting of GNPs becomes feasible, because optical absorption and plasmon resonance effects result in optical blinking of GNPs at a size-dependent wavelength. To quantify cellular uptake and retention or release, SPDM with GNPs that have diameters of 10 and 25 nm was performed after 2 h and after 18 h. The uptake of the GNPs in HeLa cells was either achieved via incubation or transfection via DNA labeling. On average, the uptake by incubation after 2 h was approximately double for 10 nm GNPs as compared to 25 nm GNPs. In contrast, the uptake of 25 nm GNPs by transfection was approximately four times higher after 2 h. The spectral characteristics of the fluorescence of the GNPs seem to be environment-dependent. In contrast to fluorescent dyes that show blinking characteristics due to reversible photobleaching, the blinking of GNPs seems to be stable for long periods of time, and this facilitates their use as an appropriate dye analog for SPDM imaging.
INTRODUCTION
Radiotherapy is a fundamental part of cancer treatment (1) . The radiation dose given to the tumor is, among other constraints, strongly limited by the conditions surpassing damaging of the surrounding normal tissue. Novel radiation technologies, treatment planning, and treatment delivery have resulted in increased sparing of normal tissue outside the clinical target volume, thus leading to an increased therapeutic gain (2) . Nevertheless, normal-tissue reactions from high doses delivered to the tumor target are still a major concern. Methods of broadening the therapeutic gain are still required along with investigations that result in an increased radiosensitivity and radiation susceptibility of the tumor while keeping normal tissue at normal radiosensitivity.
One possibility for enhancing the radiosensitivity of tumor cells is the tumor-specific incorporation of materials (nanoparticles, nanorods) with a high atomic number (high-Z) (3) . The higher the atomic number, the higher the probability of photon interactions by the photoelectric effect. Induced photoelectrons are of high energy and long-ranged (up to several 100 mm in water), and primarily deposit their energy further from the originating source along the photon interaction path. Generated Auger electrons, on the other hand, have lower energy and therefore a shorter range (<1 mm), leading to short-ranged dose enhancement (4, 5) .
Using intravenously injected gold (Z ¼ 79) nanoparticles (GNPs) of 1.9 nm diameter as radiosensitizers, Hainfeld et al. (6) showed a significant increase in one-year survival (20% for x-rays alone versus 50-86% for x-rays with GNPs) of mice with tumors treated with 250-kV x-ray energy. This pioneering work has been further developed in different tumors and applications (7) (8) (9) . Accumulation of GNPs in the tumor tissue was achieved by passive targeting. Particles larger than 300 nm are potentially eliminated by macrophages; smaller particles, typically between 10 and 100 nm diameter, can enter the tumor tissue (10) . Experiments showed dose enhancement factors of 1.17-1.66 (11) (12) (13) , depending on the x-ray energy applied. The optimum size of GNPs for cellular uptake and retention was found to be 50 nm (3, 14) . GNPs smaller than 30 nm are leaving the cell again by passive diffusion (15) . The requirement of very small particles for an enhanced radiosensitivity appears to thus be contrary to the optimum diameter for cellular uptake.
To overcome these limitations, we have recently shown that 10 nm particles may be a feasible compromise. To our knowledge, a new method aimed at enhancing cellular uptake efficiency and retention of smaller GNPs was developed. A quantity of 10 nm GNPs was linked to a PCR product that was generated with a thiol group in the 5 0 primer. The GNP-DNA complex was then transferred into the tumor cells by transient transfection (henceforth, such experiments shall be called ''GNP transfection'' experiments). To determine the uptake efficiency, localization microscopy was performed and the relative count rates were measured. Increased radiosensitization was shown for this method on HeLa cells by determining the clonogenic survival rates after irradiation with 6-MV x-rays (16) .
Until now, mostly size-dependent correlations of GNP uptake have been studied. Quantification of absolute values of uptaken GNP numbers has been almost neglected due to the complexity of the required preparation and measurement by electron microscopy (10). For instance, mechanically prepared slices in the order of 100 nm were not compatible with the conservation of an intact three-dimensional (3D) cell morphology. Because GNPs are able to support radiotherapy, there has been a growing interest in methods that allow for the quantifications of GNP shape and size in 3D-conserved cells. In this article, localization microscopy studies (17) are presented that quantify passive cellular uptake and retention/release of 10 nm and 25 nm GNPs after incubation, as well as 25 nm GNP-DNA after transfection. Special focus will be drawn on the optical behavior of GNPs.
It has been shown that GNPs or particles with a gold shell are fluorescent at different absorption and emission wavelengths, a characteristic dependent on the particle diameter or the shell thickness, respectively (18) . Size-dependent color (Tyndall color) could be due to Mie scattering (19) . GNPs can cover the entire optical spectrum from UV over visible wavelengths to near-infrared for which the application of GNPs as hyperthermic reagents was demonstrated (20) . Moreover, luminescent blinking was found for GNPs approximately one decade ago (21) . This behavior makes them interesting for spectral position determination microscopy (SPDM), a special embodiment of localization microscopy (22, 23) . SPDM normally discriminates individual dye molecules or fluorescent particles by stochastic switching of their fluorescence between off-and on-stages over a particular lifetime. Taking a time series of images registering these blinking effects allows precise determination (nm precision) of the spatial position of the blinking molecule/ particle. Distances in the 10 nm range can be resolved between two molecules/particles and calculated with nanometer precision (24) .
MATERIALS AND METHODS

Cell culture and GNP incorporation
For the experiments, HeLa cells (obtained from the Tumor Cell Bank of the German Cancer Research Center, Heidelberg, Germany) were used. The cells were cultured in DMEM with NaHCO 3 , D-glucose, stable glutamine, and Na-pyruvate, with 10% fetal bovine serum, 1% HEPES buffer, and 1% penicillin-streptomycin.
To prepare the cells for GNP transfection (25 nm Aurion Gold Sols; Aurion, Wageningen, The Netherlands), the cells were cultured on sterile circular 10 mm coverslips. Each coverslip was allowed to grow over with 15,000-20,000 cells, so that cell clumping was prevented. This corresponded with 70-80% confluent growth, so that it was easier to image single cells by SPDM. According to Burger et al. (16) , the transfection was performed with DNA-modified GNP (GNP-DNA).
For pure GNP incubation, cells were cultured on square 24-mm coverslips. The incubation was performed by replacing the cell-culture medium with a solution of culture medium and Aurion Gold Sols (25 and 10 nm) for 2 and 18 h. The particle concentration was 0.2 nM, unless otherwise stated.
For microscopy, the cells were finally fixed in 4% formaldehyde freshly prepared from paraformaldehyde and embedded into ProLong Gold antifade mounting medium (2 mL for the 10 mm circular coverslips and 15 mL for the 24 Â 24 mm coverslips; Thermo Fisher Scientific, Waltham, MA) and stored at 4 C until use. The fixation and embedding procedure ensured that the 3D shape of the cells could be well maintained.
SPDM imaging
Localization microscopy (SPDM) was done with illumination at two wavelengths using two diode-pumped, solid-state lasers with illumination intensity maxima at 491 and 561 nm and 200 mW power. The instrument was equipped with an oil objective lens 63Â/NA 0.7.1.4 (Leica, Wetzlar, Germany) and an electron-multiplying charge-coupled device camera (1376 Â 1040 pixels; Andor Technology, South Windsor, CT). The images were acquired via band-pass filters (525/50 nm for 491 nm excitation and 609/ 54 nm for 561 nm excitation).
Specimen sections with cell monolayers were considered for SPDM imaging. The cells were selected visually. Special care was taken that the cells were individualized and overlapping to other cells circumvented. An optical section of 600 nm depth was acquired from which time stacks of typically 2000 frames were acquired at an integration time of 55 ms each. To get comparable conditions, the cell nuclei were selected in such a way that the image section was taken at the largest diameter.
For quantitative image evaluation, in-house programs were applied. The loci matrix was produced by a maximum-likelihood-based algorithm with a possibility to subtract background (25) . This program reduce the acquired time stack of images to an artificial image of the cell nucleus overlaid by the matrix of the spatial positions of the intensity maxima recorded from the blinking GNPs. Based on these images, counting of particles in the given image section was performed. Further evaluation programs based on MATLAB (The MathWorks, Natick, MA) were used for the calculation of the localization precision or other image parameters (for further details, see Kaufmann et al. (24) , Müller et al. (26) , and Stuhlmüller et al. (27) ). Because it has already been shown that the detection procedure and software was sensitive enough to separate signals in the dimensions of the applied particles (27) , effects of overlapping signals were mostly negligible. In addition, (damaged) cells indicating the formation of big aggregates leading to nonfluorescent, absorbing clumps (appearing as black regions in the images within a GNP environment) were excluded from quantitative evaluation.
For comparison of particle numbers in different experiments, a two sample t-test (Welch test) (28) was applied. In addition to the number of particles, the localization precision of the particle signals was determined.
Absorption measurements
For the absorption measurements, GNPs of 10 and 25 nm diameter were diluted in sodium-phosphate buffer stabilized by Streptomyces avidinii proteins and 0.05% sodium acid. For comparison, the absorption spectra of HeLa cells carrying the respective GNPs were also measured.
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RESULTS
Quantities of 10 and 25 nm GNPs were incorporated into HeLa cells by incubation (10 nm, 25 nm GNPs) or transfection (25 nm GNP-DNAs). After 2 h, a significant incorporation was visible, although no clustering of GNPs was observed. The cells were intact and did not show any obvious alterations as determined by systematic visual inspection (see, for example, Fig. 1 ). After 18 h, however, the GNPs tended to form clusters that were visible, and also formed fluorescent aggregates when imaged via SPDM (for example, see Fig. 2 ). For the transfected 25-nm GNPs, the clusters were smaller, but appeared to be more frequently distributed over the whole cytoplasm in comparison to the incubation experiments (for example, Fig. 2 versus Fig. 4) .
To quantify and compare the results, SPDM measurements were performed and the absolute numbers of 10 and 25 nm GNPs were determined in randomly selected cells of the specimens. The GNPs were excited at 561 nm as a wavelength fitting~2/3 of the absorption intensity maximum of the used particles (Fig. 3) . In addition, the average localization precision (precision of determination of the intensity barycenter) was determined for each cell to parameterize the quality of the acquired image stacks. Because the localization precision is dependent on the signal/background noise, it represents a measure for specimen quality and has a strong impact on the comparability of images and results.
In Table 1 , the results of particle frequency and localization precision are summarized for the 10 nm GNPs incubated at a concentration of 0.2 nM. According to the applied t-test, no significant difference was obtained between 2 and 18 h incubation. On average, a slight increase of the localization precision was found after 18 h incubation with a considerable reduction of the variation. Additionally, other concentrations of GNPs were applied (2 and 5 nM), but did not result in improved uptake or cell conservation (data not shown).
In contrast, 25 nm GNPs showed a significant increase (~15-fold) of the particle amount after 18 h incubation in comparison to 2 h incubation ( Table 2 ). The localization precision was nearly constant for the low concentration after 2 h, whereas much higher variations were observed after 18 h, indicating increased cellular activity.
The incubation experiments for 25 nm GNPs were compared to results obtained after transfection experiments with the similar-sized particles. In the latter case, according to the t-test, no significant difference was obtained for the amount of particles observed between 2 and 18 h treatment (Table 3) . Again, an improved localization precision was measured after 18 h.
To prove whether the measured SPDM signals at 561 nm are due to the GNPs and not dependent upon label-free fluorescence/autofluorescence of biological molecules (for comparison, see Gossett (28)), the 25 nm GNP experiments after 2 h transfection were subjected to two-wavelength illumination (491 nm, 561 nm). The illumination at 491 nm is already known to activate label-free biomolecules and to cause blinking in SPDM measurements (29) . In Fig. 4 , an example of a cell is shown. The signals excited at 491 nm (shown in red) do not appear to colocalize with the signals excited at 561 nm (shown in green), indicating that both types of signals may be of different origin. The results (Table 4) indicate the same localization precision for both wavelengths. The amount of detected signals, however, was significantly (according to the applied t-test) higher by approximately a factor of 2 at 491 nm in comparison to 561 nm.
In Table 5 , the averaged data of all conducted experiments are summarized. Uptake of incubated GNPs seems to be a natural behavior of HeLa cells so that after 2 h a considerable amount of both types of GNPs has always been registered. However, a clear size-dependent difference was observed. Whereas for 10 nm GNPs an increment of particles at 2 h and a decrement of particles at 18 h were found, the amount of 25 nm GNPs was further increasing at 18 h. This may indicate a better uptake and retention of 25 nm GNPs in comparison to 10 nm GNPs. Although the absolute amount of 25 nm GNP-DNA was considerably higher after transfection of 2 h, a further increase of particle uptake was found in transfection experiments after 18 h, too. The absolute amount of GNP uptake was also found in the two-color experiment, indicating that the signals excited at 491 nm are not due to GNPs.
DISCUSSION
The application of GNP to enhance cell damaging effects in radiotherapy has been studied in multiple cell culture and animal experiments (for review, see Ngwa et al. (3) and Chithrani and Chan (14) ). Until now, mostly size-dependent correlations of GNP uptake have been studied and optimized. Quantification of absolute values of uptaken GNP numbers was almost neglected due to the complexity of the required preparation and measurement by electron microscopy (10) . Because systematic studies of size-and shape-dependent amounts of GNPs are supportive for research and clinical studies and thus for radio-therapy, easy-to-handle techniques for GNP quantification in 3D-conserved cells are required. Here, we present the application of SPDM (17, 22, 23) , an embodiment of localization microscopy, as such an alternative method. SPDM has the advantage of providing superresolution in the nanometer regime comparable to that of electron microscopy, while using established preparation techniques for light microscopy (23) and commercially available optics and detection devices. Our results show the feasibility of SPDM for GNP quantification on a single-cell basis and are supported by electron microscopy experiments described in Chithrani The GNPs were incubated for 2 and 18 h and illuminated at 561 nm. (16)).
There is clearly strong evidence to suggest plasmon resonance effects (30) of the 10 and 25 nm GNP particles present a blinking in the cytoplasm when the GNPs are excited with a 200 mW laser beam. This makes them potential candidates to use as dyes in localization microscopy (17) . Because the blinking effect (21) is not based on reversible photobleaching but on plasmon resonance effects, GNP labeling may be a stable tag for any future specific labeling strategies and help to circumvent existing shortcomings of conventional blinking dyes that can go into a permanently bleached state during SPDM measurements. Systematic studies of this nonbleaching behavior (18) are so far missing, especially for SPDM imaging. This topic is under investigation, and will be presented elsewhere. Here, the focus has been drawn to the GNP uptake and its correlation with SPDM imaging outcomes to obtain a feasible method for biomedical studies.
All HeLa cells showed blinking of GNPs throughout the cytoplasm and maintained the GNP incorporation at least for short periods of time without any external biochemical or physical support. It is evident that the uptake is very strongly dependent on the size of the particle, supporting The GNPs were incubated for 2 and 18 h and illuminated at 561 nm. a Obtained with a slightly differently positioned localization detection lens. This resulted in a lower amount of signals, so the threshold of the analysis was adjusted. This means that the amount of counted points is consistent with the rest of the measurements, but the localization precision was poorly affected. The GNPs were transfected for 2 and 18 h and illuminated at 561 nm. electron microscopic results described in Chithrani et al. (10) . It is understood that nanoparticles of up to 30 nm in diameter can be incorporated through endocytosis but either the process itself is different for 10 nm and 25 nm particles, or the size of the particle results in a slower realization of the same process. In the case of 2 h of incubation, the 10 nm particles show~90% more signals than their 25 nm counterparts. After 18 h of incubation, however, the situation is reversed. The 25 nm particles present an~15-fold increase in signals, which is approximately a factor-of-10 higher than for the 10 nm GNPs. The maximum uptake time in the case of the 10 nm particles is closer to 2 h, while for the 25 nm particles it is closer to 18 h. Thus it appears that 25 nm particles are internalized with slower kinetics than 10 nm particles, but accumulate in higher concentrations due to a better retention (16) . In addition, proceeded exclusion of 10 nm particles might occur after 18 h. Such differences have to be considered if GNPs are injected into tumor tissues for further radiotherapy. In contrast, 25 nm GNP-DNAs also showed a strong increase of particles after 2 h, which seem to be relatively stable (within the measured errors) until 18 h. This increased incorporation kinetics may be due to the transfection reagent as Burger et al. (16) have shown by using unmodified GNPs with the transfection reagent. Overall, the transfection experiments confirmed the results obtained by Burger et al. (16) as being the most effective, with respect to the accumulated number of particles.
The average amount of points measured for the same cells (25 nm GNP-DNA transfected after 2 h of incubation) at two different wavelengths (excitation at 561 and 491 nm) indicates that GNP blinking could be separated from labelfree blinking of biological molecules sui generis of the cells as it has been demonstrated by Kaufmann et al. (29) .
This may, however, offer the opportunity to suppress the internal signals by SPDM because it is expected that, after high-power illumination, a considerable bleaching will take place that may be circumvented if GNPs are used as labeling tags.
In conclusion, the results indicate that GNPs in combination with SPDM may offer several, to our knowledge, novel technological aspects. On the one hand, GNPs of different sizes could be applied as labeling tags with slightly spectrally shifted fluorescence signals. For example, classical GNP-labeled antibodies could be used in combination with SPDM as a selective nonbleachable marker. On the other hand, the quantification by means of SPDM could in general support the application in many fields of research and treatment, especially in radiotherapy as, for instance, by an estimate of appropriate GNP concentrations in different types of tumor cells for assisting in optimizing the damage generated by irradiation processes. Moreover, precise visualization of the GNP positions in cells will allow experimental quantification of GNPs around short-range accessible, sensitive damage sites and targets. This will potentially open new perspectives in research where GNP constructs are used to improve the overall therapeutic gain by increasing the damage induced on specific intracellular targets (2). The GNPs were transfected for 2 h. The cells were illuminated at 491 and 561 nm. 
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